Of 14 strains of Escherichia coli 0157:117 isolated from patients with hemorrhagic colitis or hemolytic uremic syndrome that were examined for fimbriae, the presence of plasmids, and the ability to adhere to intestinal cells, 13 possessed a 60-megadalton plasmid and were fimbriated as assessed by electron microscopy. These strains adhered to Henle 407 intestinal cells but not to HEp-2 cells or erythrocytes. Three strains were cured of the plasmid and thereafter failed to express fimbriae and lost the ability to adhere to intestinal cells. Conversely, E. coli K-12 transformed with the 60-megadalton plasmid from each of the three strains produced fimbriae and was able to adhere to intestinal cells. A single fimbrial subunit of 16 kilodaltons was observed when purified fimbriae from the transformants and from the 60-megadalton plasmid-containing E. coli 0157:H7 strains were disaggregated and subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis. Antisera raised against one preparation of the purified fimbriae reacted strongly with 12 of 14 0157:H7 isolates in an agglutination assay and with purified fimbrial preparations from five E. coli 0157:H7 strains in an enzyme-linked immunosorbent assay.
Escherichia coli 0157:H7 strains have been implicated as the agents responsible for several outbreaks of hemorrhagic colitis (13, 32) , a syndrome characterized by severe abdominal pain, copious bloody diarrhea, and little or no fever (27, 32) . Gastrointestinal infections with strains of this serotype have also been associated with idiopathic hemolytic uremic syndrome (17) . Little is known about the mechanisms by which E. coli 0157:H7 strains cause disease. None of the E. coli 0157:H7 isolates from a 1982 food-borne outbreak of hemorrhagic colitis was enteroinvasive (as defined by the guinea pig keratoconjunctivitis test) (7) , nor did they produce E. coli heat-labile or heat-stable enterotoxins (32, 42) , two well established mechanisms by which E. coli mediates diarrheal disease (7) . All E. coli 0157:H7 isolates examined to date in our laboratories produced very elevated levels of a Shiga-like cytotoxin (also called Vero cell toxin), and toxin production appeared to be a consequence of lysogenization with one or more toxin-converting phages (27) (28) (29) . The term enterohemorrhagic E. coli has been used to describe these distinct E. coli strains that cause hemorrhagic colitis (19) .
In addition to Shiga-like toxin as a virulence factor for E. coli 0157:H7 strains, it was hypothesized that enterohemorrhagic organisms must also have a mechanism by which they colonize the human bowel. Plasmid-encoded adherence factors are required for both enterotoxigenic E. coli and enteropathogenic E. coli (EPEC) to cause diarrhea in animals or infants, respectively (9, 19-22, 32, 39) . Among enterotoxigenic E. coli strains, these adherence factors are fimbriae, the genes for which are located in plasmids (reviewed in references 18 and 20) . Examples of enterotoxigenic E. coli fimbrial colonization factors include: K-88, K-99, CFA-I, and CFA-II and its variants (reviewed in reference 20) .
The importance of fimbriae as adherence factors in the pathogenesis of diarrhea due to enterotoxigenic E. coli prompted us to examine enterohemorrhagic E. coli for the presence of fimbriae. After confirming the existence of such fimbriae, the further purpose of this study was to purify and analyze by physicochemical and serological methods the fimbriae of E. coli 0157:H7 strains, to assess the relationship between fimbrial expression and plasmids, and to determine whether plasmids are associated with adhesion to intestinal cells.
MATERIALS AND METHODS
Bacterial strain and culture conditions. Pertinent characteristics and sources of the strains used in this investigation are given in Table 1 harboring the 60-megadalton plasmid by conjugation. Conjugation was accomplished by mixing equal volumes of log-phase cultures, collecting the mixtures by filtration onto nitrocellulose filters, and incubating the filters for 4 h at 37°C on an agar plate. Bacteria were removed from the filters and plated on media containing selective agents. Transconjugants were cultured at the restrictive temperature of 42°C to facilitate transposition of Tn801 into an enterohemorrhagic E. coli plasmid and loss of pMR5 (33) . The Tn801-tagged enterohemorrhagic E. coli plasmid was moved by transformation into E. coli K-12 substrain C600 by the method described by Cohen et al. (5) . Strains were cured of a plasmid by incubation in the presence of ethidium bromide (11) . Electron microscopy. Bacteria grown under several conditions were applied to Formvar-coated specimen grids and stained with 2% sodium phosphotungstic acid.
Hemagglutination and HEp-2 cell adherence assays. Bacteria grown in broth were collected by centrifugation, and the cells were suspended in phosphate-buffered saline (pH 7.2). Colonies of bacteria grown on agar medium were picked with a sterile cotton-tipped swab, and homogeneous suspensions were prepared in phosphate-buffered saline. The capacity of suspensions of broth-and agar-grown bacteria to agglutinate a panel of erythrocytes (human type A, bovine, guinea pig, horse, cow, and chicken) in the presence or absence of 1% D-mannose was evaluated by the method of Evans et al. (10) . The same suspensions were tested for adherence to HEp-2 cells as previously described (1, 26) .
Monolayers of Henle 407 intestinal epithelial cells (American Type Culture Collection CCL-6) were grown on cover slips with Eagle minimal essential medium. Inocula (107) of a nonfimbriate, plasmid-cured derivative were incubated with the Henle 407 cell monolayer for 3 h exactly as performed in the HEp-2 cell assay (1, 26) . The cover slips with the monolayers were then washed and stained with Giemsa and examined in blind fashion for the presence of adherent bacteria.
Purification of fimbriae and preparation of rabbit antifimbrial sera. Fimbriae were isolated and purified as previously described (15) . Purified fimbriae from E. coli 0157:H7 strain 933 were used to elicit anti-fimbrial sera in two 2.5-kg New Zealand rabbits exactly as recently described (16) .
Protein determinations. The protein content of fimbriae was determined as described by Markwell et al. (24) . Fimbrial samples were pretreated with hot acid as described previously (15) . SDS-PAGE. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was accomplished essentially as described by Lugtenberg et al. (23) except that the running gel contained 11% polyacrylamide. After electrophoresis, the gels were stained with Coomassie brilliant blue R250.
Serology. To remove any antibodies to E. coli 0157:H7 lipopolysaccharide present in the sera of rabbits immunized with fimbriae, sera (2 ml) were absorbed with 1 ml of a 10% suspension of lipopolysaccharide-sensitized sheep erythrocytes as previously described (14) . Antibodies in the lipopolysaccharide-absorbed rabbit anti-fimbrial sera that bound the fimbrial antigens were detected by an enzyme-linked immunosorbent assay (ELISA) as previously described (16) . Agglutination titers of lipopolysaccharide-absorbed, antifimbrial sera were determined by slide agglutination with whole bacteria. Briefly, serial dilutions of antisera (50 ,ul in phosphate-buffered saline) were mixed with equal volumes of the bacterial suspensions that were prepared from brothgrown cultures or agar plates. Saline or preimmunization rabbit sera were used as negative controls. 
RESULTS
Plasmid proffle of E. coli strains. The characteristics of the 14 strains are given in Table 1 . Of the 14 representative E. coli 0157:H7 isolates associated with hemorrhagic colitis or hemolytic uremic syndrome, 13 contained a large 60-megadalton plasmid. Figure 1 shows the plasmid profiles of 13 of these 14 strains, while the plasmid content of the remaining strain (933) is shown in Fig. 2 , lane 1. The single E. coli 0157:H7 isolate without a 60-megadalton plasmid (Fig. 1,  lane 13 ) may have lost the plasmid during passage in vitro or could have been isolated without such a plasmid. Most of the E. coli 0157:H7 isolates also contained smaller plasmids of various sizes. The presence of plasmids in enterohemorrhagic E. coli that range in size from approximately 60 to less than 5 megadaltons has been described by Wells et al. (42) , and Johnson et al. (13) .
Each of the plasmids present in E. coli 0157:H7 strain 933 (Fig. 2, lane 1) , a strain which has been used as a prototype for Shiga-like toxin studies (27) (28) (29) , was tagged with Tn801 isolated from the parenteral 933 strain and subsequently used to transform E. coli C600. Transformants were also constructed with the Tn801-tagged 60-megadalton plasmid from two other E. coli 0157:H7 strains. The plasmid profiles of the various transformants and the plasmid profile of E. coli 933 cured of its 60-megadalton plasmid are presented in Fig. 2 .
Direct visualization of fimbriae. The representative enterohemorrhagic strain E. coli 933 was clearly fimbriated as assessed by electron microscopy (Fig. 3A) . When this strain was cured of the 60-megadalton plasmid, no fimbriae were visualized (Fig. 3B ). E. coli C600 strains that acquired the 60-megadalton plasmid expressed fimbriae, whereas no fimbriae were seen on E. coli C600 or E. coli C600 transformed with any smaller plasmids. The state of fimbriation of the 14 0157:H7 strains is summarized in Table 1 . Strain HC2044 was minimally fimbriated, and strains 933-Cu and A8978C7 (which lack a 60-megadalton plasmid) exhibited no fimbriae; the remaining 0157:H7 strains (Table 1) SDS-PAGE of isolated fimbriae. A single fimbrial subunit was seen when fimbriae purified from E. coli 933 were subjected to SDS-PAGE (Fig. 4, lane 1) . The molecular weight of that subunit was estimated to be 16,000. A polypeptide band of 16 kilodaltons was also seen when fimbriae purified from five other representative E. coli 0157:117 isolates were examined by SDS-PAGE. One representative profile is shown in Fig. 4 , lane 3. Analysis by SDS-PAGE of isolated fimbriae from E. coli C600 transformants with the 60-megadalton plasmid also revealed a fimbrial subunit of 16 kilodaltons (Fig. 4, lane 2) . Type 1 fimbriae that have recently been described (15) (Fig. SA) , whereas the nonfimbriate, plasmid-cured strain did not (Fig. SB) . Both broth-and solid-agar-grown fimbriate 0157:H7 isolates adhered to Henle 407 cells. However, bacteria grown on Mueller-Hinton agar gave the most consistent and superior results. Dense microcolonies of the type seen when EPEC organisms adhere to HEp-2 cells were not visualized. Rather, the characteristic pattern of adherence consisted of small numbers (usually 2 to 4) of bacilli attaching to each cell, often in a central location.
DISCUSSION
The major findings presented in this report are that a 60-megadalton plasmid is required for expression of a newly described fimbrial antigen of enterohemorrhagic E. coli 0157:H7 and that a product encoded by the plasmid is required to mediate adhesion to Henle 407 intestinal cells. Both genetic and serological studies are presented in support of this conclusion. A plasmid of 60 megadaltons was present in all but 1 of the 14 E. coli 0157:H7 strains examined and appears to be ubiquitous among E. coli strains of this serotype analyzed by ourselves and other investigators (13, 42) . It remains to be determined whether the 60-megadalton plasmids in enterohemorrhagic E. coli strains carry fimbrial structural genes, regulatory genes that act in concert with chromosomal genes for fimbrial expression, or both. None- theless, the finding that a plasmid is necess; of intact fitnbriae by enterohemorrhagic I strains is analogous to the situation found in E. coli isolates that produce colonization fac cause diarrhea in animals and humans (9, 2 Fimbriae of enterotoxigenic E. coli, inclu CFA II complex (CS1, CS2, and CS3), I apparently act as colonization factors by p ence to epithelial cells (18, 20) . In some in with K-88 in piglets, the receptor for the fi tinal epithelial cells is genetically detern susceptible and nonsusceptible animals exi panel of erythrocytes (10) in a screening t assay, it is possible to distinguish most of factor fimbriae expressed by enterotoxige one another. It is presumed that the eryth resemble receptors on intestinal epithelial c
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